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ABSTRA CT
Surface and Interface Study o f Cesium on Silicon Carbide and H O PG using
Photoeleetron Spectroscopy and Atom ic Force M icroscopy
By
Sharath Sudarshanam
Dr. Clemens Heske, Exam ination Comm ittee Chair
Professor, D epartm ent o f Chem istry
U niversity o f N evada, Las Vegas
TRistructural-ISO tropic (TRISO) fuel particles are being developed for the use in
next generation nuclear pow er plants. They consist o f a UO 2 kernel coated w ith layers o f
different materials to keep the fission produets inside the particle. The kernel is
surrounded by a porous earbon layer, followed by a dense inner pyrolytic carbon layer, a
SiC layer, and a dense outer pyrolytie earbon layer. One central question o f this
technology is w hether the fission products “corrode” this shell o f the TRISO particle
during operation. To answer this question, we have investigated the interface between
cesium (Cs, w hich is one o f the metal fission products) and silicon carbide (SiC, w hich is
the main diffusion barrier in the TRISO particle) as well as highly oriented pyrolytie
graphite (HOPG; w hich is structurally sim ilar to the pyrolytie earbon layers found in the
TRISO shell). Corresponding samples w ere characterized by X-ray (XPS) and ultraviolet
(UPS) photoeleetron spectroscopy as w ell as atomic force m icroscopy (ATM). Since XPS
and UPS are very surface-sensitive techniques, the interface form ation was m onitored by
step-wise deposition o f Cs on HOPG and SiC using an alkali metal evaporator, which
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was designed and built w ithin this thesis. The detailed analysis o f the XPS line intensities
o f both Cs on HOPG as well as on SiC suggests an island-like grow th o f the Cs film. This
model eould be corroborated for HOPG by A FM measurements clearly showing the Cs
islands on the HOPG surface. In addition to the structural inform ation, the XPS spectra
give insight into the chem istry oeeuring at the two interfaces. W e can identify an
additional carbon species that can be attributed to an interfacial species, suggesting a
strong chem ical interaction. Significant changes were found after heating a thick Cs film
on HOPG in air. M ost o f the Cs atoms vanished from the HOPG surface, m ost likely due
to diffusion into the HOPG. Furtherm ore, the A FM pictures taken o f this sample show a
strongly changed surface m orphology w ith deep craters, suggesting a strong interaction
betw een Cs and the HOPG surface.
The findings o f this thesis thus shed light on the detailed chem ical and electronic
interactions betw een a potential fission product and surrogate materials for TRISO
coating layers. Based on these interactions, schemes can be designed and m onitored to
prevent the corrosion o f TRISO coatings by metal fission products during reactor
operation.
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CH APTER 1

IN TRODUCTION
N uclear fission and fusion are two distinct nuclear processes, one involving the
breaking o f the nucleus dividing it into smaller nuclei (nuclear fission) and the other one
involving two nuclei com bining together to form a larger nucleus (nuclear fusion). In
principle, nuclear fusion can liberate much higher energy than fission (using either U^^^
or Pu^^^) and produce no nuclear waste. However, despite strong research efforts its
technical realization will still take several decades and can not be guaranteed.
In contrast, as o f 2005, nuclear pow er provided 6.5% o f the w orld’s energy and 15%
o f the world's eleetrieity, w ith the U.S, France, and Japan together accounting for 56.5%
o f this nuelear-generated eleetrieity [3]. D espite this centrally im portant role o f nuclear
power, there are also unsolved issues associated w ith the use o f nuclear pow er
generation, e.g., the handling o f the produced radioactive w aste and the open question o f
its safe storage and the stringent needs for safe plant operation. Both o f these areas
including a m ultitude o f technical challenges, one o f them being the understanding and
control o f fuel failure mechanisms.

I .I

Classification o f nuclear reactors

Several methods are used to classify nuclear reactors, either by the type o f nuclear
reaction, by the m oderator material, by the coolant used, or by its generation (I-IV).

I

Generation I was developed in the 1950-60s. M ost o f these reactors use uranium as the
fuel and graphite as the moderator. Generation II reactors w ere the first com mercial
pow er reactors using enriched uranium

fuel, cooled and m oderated by water.

Evolutionary improvements in design, developed during the lifetime o f generation II,
such as im proved fuel technology and passive safety systems have led to the more
advanced generation III reactors. G eneration IV designs are currently being researched
and are expected to be com m ercially available after the year 2020. G eneration IV reactors
are expected to be highly econom ical w ith enhanced safety and proliferation resistant and
to produce a minimal am ount o f w aste [2].

1.2

TRISO fuel

TRistructural-ISO tropic (TRISO) particle fuel is currently designed to be used in
high tem perature gas-eooled reactors (HTGRs) and will be the fuel for the generation-IV
V ery H igh Tem perature Reactor (VHTR). TRISO fuels contain heavy metal oxides (or
oxyearbides) - usually uranium oxide (or uranium oxyearbide) - as a fuel kernel, w hich is
prepared by an internal gelation m ethod [3]. This fuel kernel is coated w ith ‘four layers o f
three isotropic m aterials’ [3] as shown in Fig. 1-1. The task o f these four layers is to
retain any fission products w ithin the particle. The four layers are: (1) inner porous
earbon buffer layer (helps in attenuating fission recoils and provides void volum e for any
gaseous fission products and earbon monoxide); (2) high density inner pyrolytie earbon
(IPyC) acts as containm ent to gases; (3) silicon carbide (SiC) coating layer (deposited
using a variant o f chem ical vapor deposition), w hich provides m echanical strength for the
particle and acts as a structural m aterial and diffusion barrier to the m etallic fission
products (w hich can easily diffuse through the IPyC layer [3]); and (4) high-density outer

pyrolytic layer (OPyC), w hich adds m echanical strength. A large num ber o f fuel particles
are m ixed w ith earbon-based mastic or tar to make the fuel compact. The mixture is
pressed into the shape o f a short right-eireular cylinder and sintered at a high tem perature
to drive o ff all the volatile com ponents [4,50]. These com pacts are similar in function to
fuel rods. The com pacts are then loaded into predrilled holes in a m achined graphite
block to make the fuel element. The fuel elements are hexagonal in shape and contain
additional holes to accept control rods and provide a path for flowing coolant.
M any failure m echanism s o f the fuel particles were previously reported [2]. M ost o f
these involve corrosion or thinning o f the SiC and IPyC (or OPyC) layers. Even though
SiC has excellent mechanical properties it loses its m echanical integrity at very high
tem peratures by therm al dissociation [6-8]. The SiC layer is also attacked chem ically by
fission products [9] causing fractures in the coating layers and thereby opening an escape
path for the fission products.
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Figure I-I: Sehematie presentation o f TRISO fuel particles used in a Pebble Bed
M odular reactor (PBM R, from [10])

Some o f the m ajor fission products are Cesium (Cs), Silver (Ag), Palladium (Pd) and
Strontium (Sr), w hich are reactive and/or tend to diffuse readily in a variety o f matrices.
Coen et al. [11,12] showed that Cs vapor attacks SiC at tem peratures higher than 1500°C
(see Fig. 2-1), indicating that Cs interacts w ith SiC not only by simple diffusion. In
addition, also Pd is know n to corrode the SiC layer [13,14].
So far it is not exactly known how the Cs attacks the SiC and the pyrolytic carbon
layers. Thus, it is im portant to study and understand the chem ical interactions and the
interface formation betw een them. This thesis tries to add a new point o f view to the
existing discussion on the behavior o f the SiC and pyrolytic carbon layers in TRISO
nuclear fuels. B y studying w ell-defined model systems, nam ely highly oriented pyrolytic
graphite (HOPG) as a reference material for the pyrocarbon layers and a SiC single
crystal as a reference for the SiC TRISO layers, and by using characterization techniques
that give direct insights into the chem ical and eleetronie structure, direct evidence for the
chemical interactions at the interface between fission product and coating layer can be
gained. This study is hence sheds light on the chem ical stability o f TRISO particles with
respect to diffusion o f Cs through the SiC and pyrolytie graphite coating layers and the
corresponding interface structure. Based on this detailed analysis o f the interface
properties, surface and interface m odification treatm ents for an enhanced stability o f
TRISO-fuel particles m ight be proposed in the future.
In this chapter a b rief introduction about nuclear reactors and TRISO fuel was given.
A literature review o f the w ork related to SiC and graphite surfaces as well as to the
corrosion o f SiC by Cs in nuclear fuels will be presented in Chapter 2. C hapter 3

describes the experim ental setups, the used cleaning procedures, and the construction o f
the metal evaporator. In Chapter 4, the results o f the interface study are presented and
discussed. The results are summarized in Chapter 5 and future experiments are proposed.

CH APTER 2

LITERATURE REVIEW
In this section, a b rief review o f the pertinent literature is given, first focusing on the
HOPG surface properties, second on SiC surface studies, and third on the interaction
betw een HOPG or SiC and selected m etal fission products. A detailed description o f the
interaction betw een Pd and SiC is given in the U N LV M aster’s thesis o f Goverdhan
G ajjala [14].

2.1

HOPG surface properties

Carbon is one o f the m ost abundant elements. HOPG consists o f a layered structure o f
earbon atoms w ith strong interaction forces w ithin the lateral planes and w eak interaction
betw een the planes, w hich explains the fact that HOPG can be easily cleaved. Graphite
w ith its sp^-bonded configuration is a semimetal and has a highly anisotropic eleetronie
structure [15], w hich is the basis o f the unique electronic properties o f graphitic
m aterials, such as HOPG, fullerenes, and earbon nanotubes. M any theoretical and
experim ental studies have been done on the electronic transport in graphite [16,17].
H OPG is typically m odeled as containing only sp^ earbon atoms, w ith no other functional
groups present. HOPG is frequently used as a substrate for scanning probe microscopy
because it is easy to prepare and provides large atom ically flat terraces [18]. It is
generally assumed that cleaving in air provides a “clean” surface containing only earbon

atoms in the hexagonal lattice and that only adventitious physisorbed im purities perturb
the surface.

2.2

SiC surface studies

The properties o f SiC, such as w ide electronic band gap, high therm al conductivity,
high electron mobility, and resistance to radiation make it a desirable sem iconductor for
high tem perature operations, high pow er mieroeleetronies, as w ell as for coating layers in
TRISO nuclear fuels. These unique properties perm it SiC to operate reliably at very high
tem peratures even in harsh environm ents [14].
One notew orthy feature o f SiC is its appearance in many polytypes [19-22]. SiC is
com posed o f Si-C bilayers perpendicular to the e-axis. D epending upon the stacking
sequence, a lone cubic polytype (denoted 3C-or (3-SiC) exists. In addition, a num ber o f
hexagonal polytypes, denoted 2H-, 4H-, 6H-S1C etc., exist. Rhom bohedral polytypes are
denoted as a-SiC. In total, there are m ore than 200 polytypes o f SiC. The m ost common
polytypes are 4H-, 6H-, and 3C-S1C [14]. For our surface study, w e used n-doped 6H-S1C
(0001). The surface structure can show three different types o f reconstruction: 3x3,
^3x^3 and 6x6 [49]. A nnealing the Si-terminated surface at 850 °C in ultra-high vacuum
(UHV) leads to a 3x3 surface, w hich is changed to a ^3x^3 reconstruction by further
annealing at 950 °C. Further heating above 1000°C forms a 6V3x6V3 structure. W hen the
(0001) surface is flashed to 1150 °C, it is graphitized w ith a 6x6 structure. It is believed
that the 6^ 3 x 6 ^ 3 surface is a mixture o f the ^3x^3 and 6x6 domains [23,14].
The various surface structures o f SiC give a first indication o f chem ical reactivity o f
the surface, w hich will be im portant for studying its reactivity with Cs.

2.3
products

Influence o f SiC and HOPG properties on the interaction w ith fission

It was found that the m ierostrueture o f the SiC layer affects the rate o f Cs diffusion,
but the exact correlation between m ierostruetural features and penetration rate is still
unknow n [12]. Furtherm ore, it can be expected that the various surface reconstructions o f
SiC w ill have a significant im pact on the Cs/SiC interface formation. It was shown that
exposure to Cs vapor causes pitting o f the SiC layer, w hich suggests that the layer is
chem ically attacked and not only diffusion is taking place [24]. It is also reported that
carbon monoxide (CO) can perm eate pyrocarbon and that it intercalates into graphite
structures [25]. This is o f significant relevance, since, on higher bum -up, TRISO particles
produce enough CO to break through the PyC layer and cause degradation.
2.3.1

Concentration dependence

The am ount o f fission products in the TRISO particle is a function o f kernel volum e
and density. The fission yield o f Cs isotopes varies considerably w ith the fissile species
and is the largest single factor affecting the am ount o f Cs per particle. In particles w ith a
high percentage o f plutonium isotopes, the fission product generation rate per particle
will thus be higher for heavy-m etal bum -ups [14]. Furtherm ore, the concern over Cs-SiC
interactions is greatest for TRISO particle fuels having a low enrichm ent o f
2.3.2

[26].

Behavior o f Cs

Experiments perform ed by Coen et al. [11,12] in the 1970s dem onstrate that Cs vapor
can attack SiC at tem peratures higher than 1500 °C. As m entioned above, SiC samples
exposed to cesium vapor show pitting o f the SiC layer indicating the attack o f the layer is
not only by simple diffusion [24]. The kinetics o f the attack correlates reasonably well
with the tim ing o f cesium release from the German pebble reactor [11]. Fig 2.1 shows
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how the higher bum up tem peratures affect the increased cesium corrosion rates. As is
evident from the figure, the corrosion rate increases significantly (note the logarithm ic
scale on the ordinate) as the tem perature is increased.

1.0E+00

1.0EO3
5

5,2

5.4

5.8

1/Temperature (10'*/K)

Figure 2-1: Cesium corrosion rate as a function o f tem perature (from Ref. [3])

CH APTER 3

EXPERIM ENTAL
3.1

Photoeleetron Spectroscopy (PES)

PES is a surface-sensitive analytic tool to study the occupied electronic states o f a
sample. It is based on the external photoelectric effect. It can be used to analyze w hich
elements are present at a surface, and gives inform ation about chem ical species and
valence levels [27]. In the photoem ission process, an incident photon w ith energy h v
excites an electron from an initial state \\i\ into a final state \\if above the vacuum level.
The quantum m echanical probability W i^f for this process (in first order) is given by
F erm i's G olden Rule [28]:

W i^f oc |(vi/f I r |v i/i)p ô ( E f - E i - h v )

The delta function in the above equation describes the energy conservation law; r is
the dipole operator, and E, and Ef the energies o f the initial and final state, respectively.
D epending on the energy o f the incom ing photons, one distinguishes betw een ultra-violet
photoeleetron spectroscopy (UPS) or X -ray photoeleetron spectroscopy (XPS). These two
techniques w ill be discussed in detail in the following.

10

PES
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h i)
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1F

Figure 3-1: Schematic diagram o f core-level electron excitation (photoem ission “PES”) and the subsequent secondary processes filling the core hole (Auger-eleetron
decay - “A uger” - and X-ray em ission process - “X ES”).

3.1.1

X -ray photoeleetron spectroscopy (XPS)

XPS involves the excitation o f a core electron above the vacuum level. The sample is
irradiated with X -rays o f know n energy hu (A1 K« -1486.58 eV or M g K« -1253.56 eV).
Electrons with a binding energy Ey can be ejected if Ey< hu, as shown in Fig. 3-1. These
electrons have a kinetic energy Ek, w hich can be m easured and is given by

11

Ek—hv —Eb —Osp
(Osp is the spectrom eter w ork function)

From the above equation we can calculate Ey by measuring Ek o f the photoelectrons.
Since Ey has a characteristic value for each element, XPS can be used to determ ine the
com position at the surface o f the investigated sample. Furtherm ore, chem ical shifts o f the
XPS lines can be used to gain inform ation about chemical com pounds present at the
sample surface.
The photoem ission process is schem atically shown in Figure 3-1. As also depicted in
Figure 3-1, the core hole created by the photoem ission process leads to secondary
processes by filling the core hole w ith an electron from a higher energy level. The gained
energy can either be used to em it another electron (A uger process, see 3.1.3) or to em it a
photon (X-ray emission) [29].
3.1.2

U ltraviolet Photoeleetron Spectroscopy (UPS)

In this technique U V photons are used to eject electrons from the valence band region
o f a material. For our experiments we use a helium gas discharge lamp (hu = 21.22 eV
for He I and hu = 40.82 eV for H e II) as photon source. U sually, the experimental
resolution in UPS is superior com pared to XPS. In addition, the cross section for the
valence electrons is m uch larger using photons in the U V range than in the X-ray range,
making it the technique o f choice for m easuring valence states.
Im portant for the interpretation o f a UPS spectrum is the conservation o f the crystal
m om entum o f the electrons in the initial and the final state. Therefore, one has to
differentiate betw een direct and indirect transitions. Indirect transitions are less likely,
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because phonons are needed to fulfill m om entum conservation. D ue to the small inelastic
mean free path o f the electrons, a large num ber o f electrons are observed in the spectrum,
w hich have either made one or m ore inelastic collisions or were excited above the
vacuum level by such inelastic processes.
In this thesis, UPS is used to m easure valence band m axim um (VBM ) and w ork
function (O) o f the investigated samples. For the latter, the energy o f the slowest em itted
electrons (secondary electrons) is m easured relative to the Fermi energy [29,30].
3.1.3

Auger-Electron Spectroscopy (AES)

In the A uger process an atom is ionized by removal o f a core electron either by
electron or by photon (as in this thesis) excitation. The core hole is then filled by an
electron from a higher shell and the gained energy is used to excite another electron
above the vacuum level, w hich is then analyzed w ith an electron analyzer. The energy o f
the so-called A uger electron is independent o f the type and energy o f the excitation [31].
The energy o f the A uger electron can be w ritten in term s o f the binding energies o f
the three involved electrons [32,47,48]:

Auger ■

Ex - Ey - Ez - Ueff

Ex, Ey, Ez are the binding energies o f the three participating electronic levels. Ueff

accounts for the extra energy needed to rem ove an electron from a doubly ionized atom,
and the dynam ic relaxation o f electrons during the A uger process. The kinetic energy o f
the A uger electron is characteristic o f the elem ent from w hich it was emitted. Thus it
gives detailed inform ation about the chem ical structure at the sample surface. Sim ilar to
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XPS, AES is a surface-sensitive technique, governed by the short inelastic m ean free path
o f the detected electrons.

3.2

Alkali metal evaporator

A n alkali metal evaporator was designed and built to evaporate cesium in a U HV
environment. As cesium source, a getter elem ent (SAES Getters) was used. The material
in this getter elem ent is a m ixture o f cesium chromate (Cs 2 Cr 0 4 ) w ith a reducing agent
(St 101) [33], w hich also absorbs the active gases w hich are produced during the
evaporation and thereby prevents contam ination on the sample. The getter elements have
a trapezoidal cross section and contain a slit that opens up during the activation process.
The unique geom etric design helps to m aintain reproducible evaporation conditions. The
standard activation current is betw een 4.5 - 7.5 A and the m axim um tem perature is
500°C.
The evaporator is shown in Fig. 3-2 and was constructed as follows. Both ends o f the
getter elem ent were bent by 90° and then connected to copper rods. Similar connectors
were used to fix the getter elem ent to the electrical feedthroughs in a standard CF40 (2%"
O.D.) flange. Copper foil is used as a shield around the getter source to minimize
deposition o f Cs on other com ponents in the vacuum system. The evaporator was
m ounted on a linear z-travel, which allows control o f the distance betw een evaporator
and sample.
Before evaporation was started, the getter elem ent w as activated and degassed. For
this purpose, the current through the getter elem ent was slow ly increased to 7 A while
watching the pressure o f the preparation chamber. The pressure shows a gradual increase
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because o f degassing. A sudden jum p in the pressure indicates that the sealant material
closing the slit o f the getter elem ent w as rem oved (evaporated) and that Cs evaporation
has started. A fter degassing the current was decreased to 1 A and never reduced below
this value to keep the getter element at an elevated temperature below the Cs evaporation
temperature. This prevents the adsorption o f m olecules from the residual gas on the getter
element and thus m inim izes the risk o f contam inating it.

Figure 3-2: A lkali-m etal evaporator constructed during this thesis. The left picture
shows the getter element, connected using copper connectors and surrounded by a
copper shield. Also seen is the ceramic ring (around the left copper connector) that
ensure electrical isolation from the copper shield. The right picture shows the
com pleted evaporator after im proving the design o f the copper shield.

To start Cs deposition onto the sample, the sample was transferred to the preparation
cham ber and held there w ith its surface oriented away from the evaporator. The getter
current w as then increased to 4.5 A and kept constant for three minutes for further
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degassing. Then, the current was increased to 6.0 A and held for 1 min. to reach a
constant tem perature and thus Cs flux. The sample was then rotated by 180° such that it
directly faced the Cs evaporator. Cs vapor from the getter element was thus deposited at
norm al incidence. To stop the evaporation step, the sample was rotated back to its
original position and the current o f the getter elem ent was decreased to 1 A.

3.3

Instrum entation

The surface analysis system at UNLV, shown in Figure 3-3, m ainly consists o f four
interconnected UHV chambers, nam ely an analysis chamber, a preparation cham ber, a
distribution chamber, and the load lock. The load lock is connected to a glove box in
order to be able to prepare and m ount samples in an inert gas atmosphere. The
distribution cham ber also connects to the Atomic Force M icroscope (AFM ) chamber.
Since the chambers are connected, the samples can be m oved betw een these chambers
w ithout exposure to am bient air.
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Figure 3-3; Experim ental surface analysis system at U NLV

The analysis cham ber contains an X-ray source, a U V lamp, a sample m anipulator,
and an electron analyzer (see 3.2.3). In the preparation cham ber samples can be cleaned
and/or m odified by sputtering and/or annealing. Also, m etal evaporation onto the sample
is done here using the cesium evaporator (as labeled Fig. 3-3).
3.3.1

U ltra-H igh V acuum (UHV)

U HV conditions are generally regarded as a region below 10'^ mbar. U HV is
needed for surface science experiments as m olecules can adsorb on a sample surface and
thus change its properties. For exam ple at a pressure o f 10'^ mbar, a m onolayer o f gas
m olecules will form on the surface in about 1 second (assum ing that every m olecule to
strike the surface sticks to the surface). G iven the surface-sensitivity o f the here-
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em ployed experim ental techniques, this is clearly not enough time to perform the
experiments.
In order to achieve UHV conditions, special procedures are to be followed. I f vented,
the cham ber is baked after pum p-down. For this purpose the vacuum cham ber is insulated
and heated to a tem perature o f about 150 °C for 24 - 48 hours to rem ove any unw anted
molecules adsorbed on the cham ber walls. A fter cooling down to room tem perature, the
cham ber pressure will reach the UHV region.
D ifferent types o f pum ps can be used to reach UHV conditions. The main pum ps we
use in our lab are turbom olecular (turbo) pum ps, w hich need a fore vacuum generated by
roughing pumps. Furtherm ore, titanium sublim ation pumps and ion getter pumps are used
in our lab.
3.3.2

Concentric H em ispherical A nalyzer (CHA)

The concentric hem ispherical analyzer (CHA) is the m ost popular electron energy
analyzer for electron spectroscopy. It consists o f two hem ispheres - the inner one w ith a
radius Ri and the outer one w ith a radius R 2 (see Figure 3-4). Potentials are applied to
both hem ispheres w ith V 2 being m ore negative than Vi. The m edian equipotential surface
between the hem ispheres has a potential Vo given by

Vo = (ViRi + V2R2)/2Ro

w here Ro is the radius o f the m edian equipotential surface [34].
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Figure 3-4: Cross section o f a Concentric H em ispherical A nalyzer (CHA) [34].

Electrons entering through the entrance slit S w ith a kinetic energy E = eVo (the “pass
energy”) will follow the trajectory through the analyzer along the m edian equipotential
surface o f radius Ro and will be focused at the exit slit F. Ri and R% are fixed; by
changing V] and V 2 one can thus select electrons o f a specific kinetic energy to pass
through the analyzer. In XPS, it is desired that the absolute resolution (AE) rem ains
constant throughout a scan, and thus, rather than scanning voltages Vi and V 2 , a
retardation voltage is used prior to the entrance slit. Consequently, the pass energy
rem ains constant.
A ccording to
AE/E q = s/Ro
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w here Eq is the pass energy o f the system ,‘s ’ is the mean w idth (wi + W2 ) / 2 and Ro is the
m ean radius, one we can control the absolute resolution by changing the pass energy [34].

laser port

outer hemisphere

Inner hemisphere

electrostatic lens

In-lens aperture

Channeltron
detector mounting
flange

sam ple

Figure 3-5: Scheme o f a Concentric H em ispherical A nalyzer (CHA) [34].

Figure 3-5 shows a scheme o f the com plete electron analyzer. It shows the lens
apertures, inner and outer hem ispheres, as discussed above, and also the position o f the
channeltron detector. For all experim ents in this thesis, a Specs PHOIBOS 150 M CD
analyzer w ith a nine-channeltron detection array was used.
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CH APTER 4

RESULTS AND DISCUSSIONS
Two experim ental series w ere conducted in order to study the interface formation
between cesium (Cs) and H ighly Ordered Pyrolytic Graphite (HOPG, ‘ZY A ’-grade,
Structure Probe Inc.) as w ell as between Cs and silicon carbide (n-doped SiC-6H (0001),
M ateck). For both experiments the alkali metal evaporator described above was used to
deposit Cs on the sample surface.

4.1

C s/H O P G - Interface study

4.1.1

Cs/HOPG - Chem ical structure investigated by XPS

HOPG, because o f its layered structure, cleaves easily. To prepare a clean surface, a
piece o f scotch tape was pressed onto the flat surface and then pulled off. W ith this (well
established) procedure, the tape rem oves a thin layer o f HOPG, exposing a clean surface.
For each series in this thesis, a freshly cleaved sample was used.
Figure 4-1 shows a sequence o f M g

XPS survey spectra o f a cleaved HOPG and

corresponding spectra after stepwise deposition o f Cs (20 -300 s). It can be observed
that, w ith increasing Cs deposition time, the Cs-related photoem ission and A uger features
increase in intensity and, at the same time, the C-related substrate features decrease. As
will be discussed below, a quantitative analysis reveals that the decrease o f the C Is peak
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Figure 4-1: XPS survey spectra o f a cleaved HOPG sample before and after stepwise Cs
deposition (20 s - 300 s), as well as after annealing o f the sample (“300+heated”).
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intensity does not correlate with the Cs peak intensity increase expected for a
hom ogeneous Cs layer-by-layer growth, indicating the form ation o f Cs islands on the
HOPG surface.
The topm ost survey spectrum (“300s+heated”) corresponds to the sample w ith a 300s
Cs layer after annealing. For this step, the sample was taken out o f the cham ber and was
heated to 600°C for 60 minutes in air in a furnace. This was done in order to understand
the behavior o f the Cs/HOPG interface structure at elevated temperatures. The
“300s+heated” spectrum (Figure 4-1) shows an increase in the C Is intensity and a drop
in Cs intensity.
C Is detail spectra are shown in Figure 4-2. W ith increasing Cs deposition time one
can observe a decrease in the overall C Is XPS peak intensity and an intensity increase o f
a high binding energy shoulder (red arrow) w hich disappears w hen the sample is heated.
The intensity decrease can also be observed for the corresponding C K VV A uger peaks
shown in Figure 4-3 (which also shows an increasing Cs 3p peak intensity with
increasing deposition time). A detailed quantitative analysis is presented and discussed
later in this paragraph.
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Figure 4-2: C Is XPS detail spectra o f the cleaved HOPG before and after stepwise Cs
deposition (20 s - 300 s) as well as after the sample was heated (“ 300s+heated”)
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Figure 4-3: C K VV A uger spectra o f the cleaved HOPG, before and after stepwise Cs
deposition as w ell as after heating the sample (“300s+heated”).

In Fig. 4-4 a detailed peak fitting analysis o f the C Is XPS peak is shown for the
cleaved sample and after 20 and 300 seconds o f Cs deposition. All peaks were
sim ultaneously fitted by V oigt functions. The used fitting procedure included a linear
background and the peak width was kept the same for all fits. For the cleaved HOPG
sample we used three Voigt peaks (A, B, D) to get a good fit: peak ‘A ’ corresponds to
sp^-hybridized C-C surface species, peak ‘B ’ pertains to sp^-bonded carbon [35] and peak
‘D ’ is a plasm on peak [36,37] and also takes additional background contributions into
account. Four V oigt functions w ere needed to satisfactorily fit the spectra o f the
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Cs/H OPG samples. The additional peak (C) is ascribed to a Cs/H OPG interface species,
w hich is indicative o f the chem ical interaction betw een Cs and HOPG.

Peak fits of HOPG
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Figure 4-4: C Is XPS detail spectra (dashed line - experim ental data, solid lines respective fits) o f the cleaved H OPG sample together w ith the corresponding spectra
(and fits) before and after stepwise Cs deposition. The different carbon species are
labeled A, B, C, and D (see text).
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Figure 4-5: Contributiori o f peaks A, B, and C to the C Is detail speetra as a funetion o f
Cs deposition time.

Figure 4-5 shows the norm alized intensity o f peaks A, B, and C as a funetion o f Cs
deposition time. The eurves for eaeh peak were norm alized sueh that the m axim um
intensity is assigned the value 1.0. For peak A, the m axim um intensity is observed for the
shortest Cs deposition time, for peak B it is observed for intermediate deposition times,
and for peak C it is observed for high deposition times. From Figs. 4-4 and 4-5 w e ean
observe that the Cs/HOPG interfaee speeies (Peak C) inereases w ith inereased Cs
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deposition. A t the same time, peak ‘A ’ which is ascribed to a sp^-bonded carbon species
at the surface decreases in intensity and peak B (sp^-bonded carbon) increases up to 180s
o f cesium deposition and stays constant for further deposition steps.
Figure 4-6 shows Cs 3d3/2 XPS detail spectra. It is evident from the graph that the Cs
intensity initially increases rapidly and then stays constant. Furtherm ore, the Cs peak
shows a m inor energy shift, but there is no change in its spectral shape, which suggests
that no change in the chem ical com position o f Cs takes place.

The Cs 3d3/2 binding

energy rem ains around 739.6 eV, w hich correspond w ell w ith the reference value for
metallic cesium (2.1eV) [38].
A fter the sample is heated in air (at 600°C for 60 min) only a small am ount o f cesium
is left on the sample surface, as seen in the low Cs 3d intensity (shown with a red arrow
in Figure 4-6). The corresponding Cs 3d peak shifts to lower binding energies by approx.
leV , w hich is discussed in detail in conjunction w ith Figure 4-10. Figure 4-7 shows a
quantitative analysis o f the Cs 3d intensity as a function o f Cs deposition time. As
mentioned, the Cs intensity increases and, at 120s o f Cs evaporation and above, reaches a
plateau.
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Figure 4-6: Cs Sds/i XPS detail spectra o f the Cs/HOPG samples as a function o f
deposition time. The red arrow shows the Cs signal after the sample was heated in air
at 600°C for 60 min.
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Figure 4-7: Cs intensity as a function o f Cs deposition time.

To understand the growth behavior o f Cs on HOPG, the intensity o f the C Is surface
component, the C KVV A uger line, the C Is interface component, and the Cs 3d line
w ere norm alized and plotted (Fig.4-8). From the figure it is evident that the Cs 3d
intensity and the intensity o f the C Is interface com ponent increase, whereas the
intensities o f the C Is surface com ponent and the C-A uger decrease. Furtherm ore, the
increase o f the Cs intensity and the intensity o f the C Is interface com ponent is much
stronger in com parison w ith the decrease o f the intensities o f the C Is surface com ponent
and the C A uger line. As mentioned earlier, this behavior suggests that the Cs film is not
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growing in a layer-by-layer mode, but rather forms islands on the H OPG surface (as will
be discussed in the next paragraph).
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Figure 4-8; N orm alized intensities o f Cs and different carbon species as a function o f Cs
deposition time.
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Figure 4-9: A FM images o f the HOPG sample after 40s (left) and 300s (right) Cs
deposition (Frame: 4000 x 4000 nm^).
y

4.1.2

Cs/HOPG - M orphology determ ined by AFM

Figure 4-9 shows AFM images o f Cs/HOPG samples after 40s (left) and 300s (right)
Cs deposition. The image o f the 40s Cs/HOPG sample shows Cs clusters distributed
along the surface steps o f the HOPG substrate. The image o f the 300s Cs/HOPG sample
shows bigger Cs clusters. This corroborates the findings o f the XPS intensity analysis,
nam ely that the deposited Cs forms clusters (islands) rather than a continuous layer
(V olm er-W eber growth) [39].
Figure 4-10 shows A FM images o f the 300s Cs/HOPG sample (left) and a clean
HOPG sample (right), both after annealing in air for 60 min at 600°C. The image o f the
300s Cs/HOPG sample shows cracks and holes (craters),that form ed during the annealing
step. In contrast, the A FM image o f the clean HOPG sample shows cracks, but no craters.
Further studies will be needed to study this phenom enon in detail. A t present, we form
the hypothesis that the craters are created due to the interaction o f Cs w ith HOPG,
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corroborating the XPS findings that the Cs intensity found on the surface after annealing
is significantly reduced.

I
Figure 4-10: AFM images o f the 300s Cs/HOPG (left) and a clean HOPG sample
(right) after annealing in air (600°C for 60 minutes; Frame: 4000 x 4000 nm^).
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Figure 4-11 : Sequence o f the secondary electron cu t-off in UPS (He I) spectra o f a clean
HOPG sample before and after stepwise Cs deposition.
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35

4.1.3

Cs/HOPG - Electronic structure investigated by UPS

Next, the UPS data shown in Figure 4-11 is discussed. The figure shows the
secondary electron cutoff for the cleaved HOPG sample as well as that o f the Cs/HOPG
samples after different Cs deposition times. The UPS spectra w ere taken with a bias
voltage o f 15 V. From the graph it is evident that already after the first Cs deposition step
(20s) the cutoff is shifted to higher binding energies com pared to that o f the clean HOPG
sarnple. The onset o f the cutoff (which is derived by linear extrapolation o f the leading
edge) can be used to determine the sample w ork function by using O = hu - Ecut-off- The
literature value for the w ork function o f HOPG in air is 4.65 eV [40]. For pure m etallic
Cs it is 2.1 eV [41]. For the cleaved HOPG sample, we find (4.45 ± 0.19) eV and for the
sample w ith 300s Cs (2.42 ± 0.30) eV, w hich agrees well w ith the literature data (Keep in
m ind that we find the formation o f Cs clusters on the surface, but not a closed film.
Consequently, the laterally average surface dipole, w hich is a m ajor contributor to the
w ork function value, will not be identical to the surface dipole o f a Cs solid sample. For
the heated 300s Cs/HOPG sample w e find (4.1 ± 0.30) eV. Thus, upon heating the
Cs/HOPG sample, the w ork function increases again (alm ost back to the value o f a clean
HOPG sample). A detailed discussion and conclusion can be found later (4.3.1) in this
chapter.
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4.2

Cs/SiC - Interface formation

4.2.1

Cleaning procedure

The SiC sample was cleaned by etching w ith 25% H ydrofluoric acid (HF) solution
for 10 m in at room temperature. A fter etching, the SiC sample was carefully rinsed w ith
distilled w ater and dried under nitrogen gas. Subsequently, the sample was introduced in
the U HV surface characterization cham ber (see Experim ental) and characterized by XPS.
The corresponding XPS survey spectrum is shown in Figure 4-13 (top). In addition to the
expected Si- and C-related photoem ission lines (Si 2p, Si 2s, C Is) and A uger features (C
K V V ) o f the SiC sample, one can also observe respective features ascribed to nitrogen (N
Is), oxygen (O Is, O KVV), and fluorine (F Is, F KLL). The latter two are indicative for
a H F-etch induced surface contam ination layer. In order to rem ove these adsorbates, the
sample was heated in UHV to about 500°C for about 30 min. A fter the sample was
cooled down it was again m easured by XPS. The XPS survey spectra o f the SiC sample
before and after annealing are shown in Figure 4-13. It is evident from the graph that for
the annealed SiC sample, the intensity o f the F- and 0 -related features is significantly
reduced. N ote that the feature ascribed to nitrogen is also significantly reduced.
Thus, a combination o f HF-etching and heat-treatm ent in U HV is very efficient to
prepare a clean SiC surface. Consequently, this SiC sample was used as the SiC substrate
for our Cs/SiC experiments, w hich will be described in the next paragraph.
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Figure 4-13: XPS survey spectra o f the “H F-etched” SiC sample - before (top) and
after (bottom) annealing.

4.2.2

Cs/SiC - Chem ical structure investigated by XPS

Figure 4-14 shows the A1 K„ XPS survey spectrum o f the clean SiC substrate
(“H F+H eat”), together w ith corresponding spectra after stepwise Cs deposition (10 60s). It can be observed that with increasing Cs deposition time the Cs-related
photoem ission and A uger features increase in intensity.

At the same time, the SiC-

related substrate features decrease in intensity. N ote again that, com pared to the increase
o f the Cs features, the intensity o f the substrate peaks is not decreasing as fast as would
be expected for a hom ogeneous Cs film coverage (see also previous discussion about the
grow th o f Cs on HOPG).
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Figure 4-14: XPS survey spectrum o f the cleaned SiC sample (“H F+H eat”) together
w ith corresponding spectra after stepwise Cs deposition (“ 10s” - “60s”).

The corresponding C ls detail spectra are shown in Figure 4-15. U pon Cs deposition,
a 0.23 eV shift (clean SiC com pared to 10s Cs deposition) o f the C Is peak and an
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intensity increase on the high binding energy side can be observed. The first observation
suggests that due to the Cs/SiC interface formation a band bending is induced in the SiC
substrate. The second observation can be explained by a pronounced interaction betw een
Cs and C at the interface. The latter is further studied by decom posing the C Is detail
spectra (see Figure 4-16). It is evident from the figure that w ith increasing cesium
deposition time the C Is shoulder increases in relative intensity. W hile two V oigt
functions are sufficient to fit the C l s spectrum o f the cleaned SiC, the C l s spectra o f the
Cs/SiC samples need three V oigt functions to result in a good fit. Line widths and shapes
in the fit were coupled betw een all spectra.
N ote that all spectra w ere fitted sim ultaneously and a linear background was
included in the fit procedure. The two different contributions to the C Is o f the clean SiC
sample w ere found to be around 283 eV (Peak “A ”) and 284.5 eV (Peak “B ”). Since the
used SiC-6H (0001) substrate is C-term inated we ascribe (A) to be the bulk speeies and
(B) to be the surface C species o f SiC [14]. A fter Cs deposition, three different carbon
species at around 283.4 eV, 284.6 eV, and 287.5 eV can be identified, w hich we ascribe
to (A) the SiC bulk species, (B) the SiC surface speeies, and (C) a Cs/SiC interface
species. The latter is a direct hint that Cs chem ically interacts w ith the SiC surface.
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Figure 4-15: C Is XPS detail spectrum o f the clean SiC sample (“H F+H eat”) together
w ith the corresponding spectra after stepwise Cs deposition (“ 10s Cs” - “60s C s”).
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Figure 4-16: C Is XPS detail spectra (dashed line - experim ental data, solid lines respective fits) o f the cleaned SiC sample (“H F+H eat”) together w ith the
corresponding spectra (and fits) after stepwise Cs deposition (“ 10s” - “60s”). The
different C-species are labeled A, B, and C (see text).
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Figure 4-17: Contribution o f peaks A, B, and C to the C Is detail spectra as a function
o f Cs deposition time.

As evident from Figure 4-16, the Cs/SiC interface species (peak C) contribution to the
C Is photoem ission line em erges upon Cs deposition and slightly increases in intensity
with increasing Cs deposition time. Peak A and B decrease in intensity as is also clearly
shown in Figure 4-17, w here the A, B , and C contributions to the overall C Is intensity
are shown as a function o f the Cs deposition time. The contribution behavior o f peak B
and C is m irror-inverted, w hich points to a direct relationship betw een the SiC surface
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species (B) and the Cs/SiC interface species (C) suggesting that the interface species
forms at the “expense” o f the SiC surface species.
The com parison o f the Si 2p XPS detail spectrum o f the clean SiC sample w ith that
after 10s Cs deposition in Figure 4-18 shows a clear shift in its binding energy o f about
0.14 eV. This shift is also observed in the C Is detail spectrum upon 10s Cs deposition,
confirm ing from above that this m ay be due to the Cs/SiC interface formation and the
fact that a band bending is induced on first deposition.
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Figure 4-18: Si 2p XPS detail spectra o f the clean SiC sample before and after 10s Cs
deposition.

Figure 4-19 shows the Cs 3d3/2 XPS detail spectra. As expected, the Cs 3d3/2 intensity
increases w ith increasing deposition time. The same intensity behavior can be observed
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for the corresponding Cs M NN peaks shown in Figure 4-20. N either in the Cs 3d
photoem ission lines nor in the Cs M NN A uger features can an energetic shift or a change
in the spectral shape be observed. The Cs Sd]/] binding energy stays around 739.4 w hich
is in good agreem ent w ith the literature value for m etallic cesium (2.1 eV) [33]. This
finding indicates that no significant change in the chem ical and electronic environm ent o f
the Cs atoms occurs once deposited on the SiC, and that the observed Cs character is
predom inantly metallic.
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Figure 4-19: Cs 3d3/2 XPS detail spectra o f the Cs/SiC samples as a function o f

deposition time.
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Figure 4-20: Cs M NN A uger spectra o f the Cs/SiC series as function o f deposition
time.

3

5-

CD

.S'
c

sc

4-

10

20

30

40

50

Cs Deposition Time (s)

Figure 4-21: Cs Sds/i intensity as a function o f deposition time.
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60

Figure 4-20 shows the Cs M NN A uger spectra and Fig. 4-21 shows the relative
intensities o f cesium as a function o f evaporation time. As expected, the intensity o f the
Cs 3ds/2 line increases w ith increasing Cs evaporation time.
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Figure 4-22: A rea percentages o f different species were taken to understand the
grow th behavior o f cesium.

Fig. 4-22 clearly shows how the peaks related to the cesium and carbon interface
species increase rapidly, whereas the carbon bulk and Si 2p peaks decrease in intensity.
The fact that the decrease o f the substrate lines is relatively w eak com pared to the
increase o f the cesium related features suggests that the cesium grow th on SiC is sim ilar
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to the grow th on HOPG, nam ely that Cs elusters (islands) are being form ed (V olm er W eber growth) [39].
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Figure 4-23: Seeondary eleetron eutoffs o f the investigated Cs/SiC samples as
m easured w ith UPS (He I).

4.2.3

Cs/SiC - Eleetronie strueture investigated by UPS

Next, the UPS data shown in Figure 4-23 is diseussed. The figure shows the
secondary eleetron eu to ff for the clean SiC sample as w ell as those o f the Cs/SiC samples
after different Cs deposition times. From the graph it is evident that already after a Cs
deposition time o f only 10s the eutoff has shifted to higher binding energies eom pared to
that o f the elean SiC sample. The onset o f the cutoff (w hieh is derived by linear
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extrapolation o f the leading edge) is indicative for the sample w ork function. The w ork
function o f SiC found in the literature is 4.4 eV [42] and that o f pure m etallic Cs is 2.1
eV [41]. For the clean SiC we find a w ork function o f about (4.35 ± 0.05) eV. U pon Csdeposition it decreases with increasing Cs deposition time. For the 60s Cs/SiC sample we
find (3.12 ± 0.05) eV. Hence, the w ork function decreases from the value o f clean SiC
towards that o f m etallic Cs w ith increasing deposition time, but rem ains significantly
larger than the metallic value. From the trend o f the curve in Fig. 4-24, it is to be
expected that the w ork function w ould decrease further for additional Cs deposition steps,
presum ably reaching the value o f metallic Cs once a sufficiently closed cover o f the SiC
substrate is obtained.
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Figure 4-24: W ork function values as a function o f Cs deposition time derived from
He I UPS measurements.
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4.3

D iscussion

4.3.1

Cs/HOPG

The XPS data monitoring the growth o f Cs/HOPG (Figure 4-8) suggests an island
type (Volmer-W eber) growth o f the Cs film. This finding is corroborated by the AFM
images o f the sample surface as seen in Figure 4-9. In these images the Cs clusters
(islands) are directly visible, increasing in num ber and size for increasing deposition
time.
In [43], it is reported that various metals diffuse through HOPG by activated surface
diffusion and probably with vapor phase m igration through m icro-structural defects on
the surface [43]. In our case, i.e., when the 300s Cs/HOPG sample was heated to 600°C,
the XPS data showed that a very small am ount o f Cs was left on surface (Figure 4-6).
The AFM images o f this sample showed a surface with craters form ed after the heating
step. W hen a clean HOPG sample was heated under sim ilar conditions it did not show
any holes (Figure 4-10), suggesting that the cesium on the surface causes the holes when
diffusing into the HOPG. It was already shown that Li, a significantly sm aller alkali
metal, easily intercalates betw een the HOPG layers - this property is useful in making o f
Li-Ionized batteries [44].
The w ork function o f clean HOPG decreases from 4.49 eV to 2.4 eV with just 20s
o f Cs evaporation on to the surface and then remains constant until the sample was
heated. W e can see a sudden jum p back to 4.1 after heating the sample. This again may
be due to the fact that the cesium at the surface diffuses into the HOPG thereby leaving
very little Cs on the surface (as shown in the XPS data). In the broader framework o f
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TRISO fuel stability, the Cs may be passing through the pyrolytic carbon layers, easily
reaching the SiC layer at the high tem peratures present during the fission reaction.
4.3.2

Cs/SiC

W hen a metal comes in contact w ith a sem iconductor it can form a potential barrier
w ith rectifying character, w hich is called a Schottky barrier (or diode). D epending upon
the w ork function o f the metal and semiconductor, there is a flow o f electrons from the
material w ith higher w ork function to that w ith low er w ork function (in our case from the
Cs metal to the SiC semiconductor). The flow o f electrons continues until the Fermi
energies reach a com mon and constant level. W hile the metal forms a surface charge
layer, the sem iconductor is depleted near the interface. This causes an electric field that
induces a band bending [45]. In our case, w e find a shift o f all substrate-related core
levels upon Cs deposition, indicating that a Schottky barrier is indeed formed.
In the detail analysis o f the C Is core-level data, 2 carbon species were used to
describe the clean SiC surface (surface and bulk carbon), whereas a third (interface)
species was observed when Cs was deposited. This gives direct insight into the chem ical
interaction betw een Cs and SiC at their interface.
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CH APTER 5

CONCLUSIONS AND FUTURE W O RK
5.1.

Conclusions

To understand the diffusion behavior o f a metal fission product (Cs) in TRISO
nuclear fuel, we have investigated the interface between Cs and HOPG as w ell as
betw een

Cs

and

SiC

using

X -ray

photoelectron

spectroscopy.

A uger

electron

spectroscopy, and atomic force microscopy. One sample series was prepared for each
substrate (HOPG and SiC) w here Cs was stepwise deposited to produce films o f
increasing thickness. Furtherm ore, the thickest Cs film on H OPG was heated to 600°C in
air for one hour to m im ic the conditions faced by the pyrolytic carbon layers in a TRISO
particle while being in the environm ent o f a high tem perature nuclear reactor.
A detailed analysis o f the XPS line intensities o f the first series (Cs/HOPG) suggests
an island-like growth o f the Cs film. This model could be corroborated by AFM
m easurem ents clearly showing the Cs islands on the H OPG surface. These islands
increase in num ber and size for increasing Cs coverage on the surface. In addition to the
gained structural inform ation, the XPS spectra give insight into the chem ical processes at
the Cs/HOPG interface. We can identify an additional carbon species, which can be
attributed to an interfacial species suggesting a strong chem ical interaction at the
interface. Dramatic changes w ere found after heating a thick Cs film on HOPG. It
appears that m ost o f the Cs vanished from the HOPG surface, possibly due to a strong
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diffusion into the HOPG layer. Furtherm ore, the AFM images taken o f this sample show
a strongly changed surface m orphology w ith deep holes. The m easurem ents suggest a
strong interaction betw een Cs and the HOPG sample surface.
Similar to the case o f the H OPG substrate, Cs/SiC also grows in island, as can be
deduced from the developm ent o f the XPS line intensities w ith increasing Cs deposition
time. Again, a new interfacial C species could be identified by a detailed peak fit analysis
suggesting a chem ical interaction at the interface. Furtherm ore, our measurements show a
strong decrease o f the w ork function w hen depositing Cs and the formation o f a Schottky
barrier as can be derived from core level line shifts indicating a change in band bending.
As a future experim ent it appears w orthw hile to investigate the interface between fission
products and zirconium carbide, w hich is one o f the m ost prom ising alternatives to the
SiC diffusion barrier. There is already data showing that ZrC can sustain higher bum -up
tem peratures than SiC [46]. Furtherm ore, the behavior for other fission products (e.g.,
Ag) should be investigated.

53

BIBLIO G RAPH Y
1. http://w w w .hss.energy.gov/N uclearSafety/techstds/standard/hdbkl019/hl019v2.pdf.
2. http://nuclear.energy.gOv/genIV/neGenIVl .html
3. K. M inato et al., J. Nucl. M ater. 279 (2000) 181.
4. G. D. D el Cul, B. B. Spencer, C. W. Forsberg, and E. D. Collins, ORNL/TM 2002/156, Oak Ridge N ational Laboratory, Septem ber 2002.
5. D A. Petti, J. Buongiom o, J.T. M aki, R.R. Hobbins, and G.K. M iller, Nucl. Eng. Des.
222 (2003)281.
6. H. N abielek, W. Schenk, W. Heit, A.-W . M ehner, and D.T. Goodin, Nucl. Technol.
8 4 (1 9 8 9 )6 2 .
7. D.T. Goodin, J. Am. Ceram. Soc. 65 (1982) 238.
8. A. Naoum idis, R. Benz, and J. Rottmann, H igh Temp. H igh Press. 14 (1982) 53
9. B.F. Rider, Com pilation o f Fission Product Yields, General Electric Company,
R eport N ED O -12154-3, 1981.
10. http://w w w .pbm r.com /index.asp?C ontent=213& GState=Im age& CatId=1&Image=48 & Page=1.
11. V. Coen et al., J. N ucl. M aterials, 45 (1972/1973) 96.
12. V. Coen et al., Proc. BNES Int. Conf. N uclear Fuel Perform ance, P. 19.1, British
N uclear Energy Society, London (1973).
13. K. M inato, T. Ogawa, K. Fukuda, K. Ikawa, and K. Iwamoto, Japan Atomic Energy
Research Institute, Report JAERI-M 84-002 (1984).

54

14. G overdhan Gajjala, M aster’s Thesis, U niversity o f Nevada, Las V egas (2006)
http://aaa.nevada.edu/pdffiles/TRP% 20T ask% 2017% 20G overdhan-thesis-final.pdf
15. Elster and Geitel, Ann. der Physik 41 (1890) 161.
16. http://nuclear.energy.gOv/genIV/neGenIV 1.html
17. P.L. M cEuen, N ature 393 (1998) 15.
18. G. Csanyi, P.B. Littlewood, A.H. Nevidom skyy, C.J. Pickard, and B.D. Simons,
N ature Physics 1 (2005) 42.T.N. Tiegs, Nucl. Technol. 57 (1982) 389.
19. W. F. Knippenberg, Philips Res. Repts. 18 (1963) 161274.
20. M .A. Castro, S.M. Clarke, A. Inaba, R.K. Thomas, and T. Arnold, J. Phys. Chem. B
105 (2001) 36.
21. M .H. W hangbo, W. Liang, J. Ren, S.N. M agonov, and A. W aw kushew ski, J. Phys.
Chem. 98 (1994) 7602.
22. M.J. Dorko, T.R. Bryden, and S.J. Garrett, J. Phys. Chem. B 104 (2000) ; D. Pandey
and P. Krishna, Progress in Crystal G rowth and Characterization Vol. 7, Crystal
G rowth and Characterization o f Polytype Structures, ed. P. Krishna, Pergam on Press,
Oxford, 1983, pp. 213258.
23. F. Owm an and P. M artensson, Surf. Sci. 369 (1996) 126.
24. J.T. M aki, D.A. Petti, et al., J. Nucl. M ater. 371 (2007) 270.
25. K. M inato et al., J. Nucl. M ater. 208 (1994) 266.
26. T.N. Tiegs, Nucl. Technol. 57 (1982) 389.
27. Elster and Geitel, Ann. der Physik 41 (1890) 161.
28. H. Hertz, Ann. Physik 31 (1887) 983.

55

29. D. Briggs and J. T. G rant-‘Surface analysis by A uger and x-ray photoelectron
spectroscopy-2003 ’.
30. D. Briggs and M.P. Seah, Practical Surface Analysis, second edition, volume 1,
Chichester, N ew York; W iley, 1983.
31. P. Auger, Comptes Rendus 177 (1923) 169.
32. L.A. Larson: M RS Sym posia on M aterials Characterization 69 (1986) 129.
33. H. Estrade-Szw arckopf and B. Rousseau, J Phys Chem Solids 53 (1992) 419.
34. F.C. Henn, J.A. Rodriguez, and C.T. Cam pbell, Surface Sci. 236 (1990) 282.
35. G. D. Del Cul, B. B. Spencer, C. W. Forsberg, and E. D. Collins, ORNL/TM 2002/156, Oak Ridge N ational Laboratory, Septem ber 2002.
36. http://ww w .saesgetters.com /default.aspx?idPage=47
37. H. Estrade-Szw arckopf and B. Rousseau, J Phys Chem Solids 53 (1992) 419.
38. F.C. Henn, J.A. Rodriguez, and C.T. Campbell, Surface Sci. 236 (1990) 282.
39. L. Andersohn, Th. Berke, and U. Kohler, Vacuum, Surfaces, and Films, 14 (1996)
312.
40. C. Sommerhalter, T. W. M atthes, T. Glatzel, A. Jager-W aldau, and M. C. LuxSteiner, Appl. Phys. Lett. 75 (1999) 286.
41. http://environm entalchem istry.com /yogi/periodic/Cs.htm l
42. D. Chen, S.P. W ong, W.Y. Cheung, and J.B. Xu, Solid State Commun. 128 (2003)
435
43. R.L. Faircloth, F.C.W . Pummery, and B.A. Rolls, UKA EA Report, A ERE-R 4994
(1965).
44. A.Hiraki, M etal-Sem iconductor Interfaces, first edition, Japan, 1995, lO S press.

56

45. L. Li and I.S.T. Tsong, Surf. Sci. 351 (1996) 141
46. http://w w w .rom aw a.nl/nereus/fuel.htm l.
47. G.L.W eissler, R.W .Carlson (eds.): V acuum physics and technology (Academic, N ew
Y ork 1979).
48. http://w w w .burle.com /cgi-bin/byteserver.pl/pdf/ChannelBook.pdf
49. L. Li and I.S.T. Tsong, Surf. Sci. 351 (1996) 141.
50. N uclear W astes: Technologies for Separations and Transm utation, National
A cadem ies Press, 1996.

57

VITA
Graduate College
U niversity o f N evada, Las Vegas
Sharath Sudarshanam
Local Address:
2870 N Towne Ave
A partm ent # 203
Pomona, CA91767.
Perm anent Address:
16-2-740/B, A p t# l, M alakpet
H yderabad, A ndhra Pradesh
India - 500036.
Degree:
Bachelor o f Pharmacy, 2002
O sm ania University, H yderabad, India
Thesis Title:
Surface and Interface Study o f Cesium on Silicon Carbide and HOPG
using Photoelectron Spectroscopy and Atomic Force M icroscopy
Thesis Exam ination Committee:
Chairperson, Clemens Heske, Dr. rer. nat.
Graduate Faculty Representative, Ram a Venkat, Ph. D.
Comm ittee M ember, Chulsung Bae, Ph. D.
Comm ittee M ember, Balakrishnan Naduvalath, Ph. D.

58

